The purpose of this paper is to develop a non-destructive test method for evaluating the bond of reinforcing bars in concrete structure which was damaged by earthquake while still cast in the form. In the experimental design, the specimens containing a steel reinforcing bar with one end extruded outside were constructed. Different degrees of damage on the rebar-concrete interfaces were successfully created by the resonant vibration of exposed steel bar induced by the cyclic motion of the specimen. The local bond-loss of the steel bars was evaluated by both non-destructive impact-echo tests and the destructive pullout tests. To create different kinds of failure mode in the pullout test, some of the specimens contain stirrups surrounding reinforcing bar. Poor-bond was quantitatively evaluated before the pullout test by the amplitude of the peak corresponding to the multiple reflections from the steel bar in the normalized spectra derived from the impact-echo tests. As a result, two empirical formulas displaying the proportional relations between the percentage of loss of local bond-stress and loss of steel-amplitude for specimens failed by split failure and pull-out failure modes were established.
Introduction
Thousands of structures were damaged within 30 seconds during the 921 Chi-Chi Earthquake in Taiwan. In addition to existing structures, reinforced concrete structures constructed several hours, even days, before the earthquake were suspected of being damaged. These structures, which were still in the form when the earthquake occurred, did not have distinct visible cracks except for a few. However, using the impact-echo method, voids were frequently detected at the steel-concrete interfaces. Surveying the conventional impact-echo test responses for structures constructed within 24 hours before and 24 days after the Earthquake, the percentages of voids detected around the steel bars substantially varied, from 10 to 80% for the former and steadily below 30% for the latter [1] . There are two cases having 80% void percentage in the test results. For the first case, the test locations were on the columns of the highest floor of a 14-story-building where the steel bars extruded a few meters out of the top surface. The vibration of the steel bars during the earthquake produced circular pits around the bars on the top surface of the column. For the second case, the test locations were on the webs of box girders near the cold joints. The box Vol. 2, No. 12, 2008 girders were supported by piers 10 meters in height. During the earthquake, the flexural vibration of the top flange of the girder led to delaminated cracks formed near the construction interface of the web-wall at the depth of the steel reinforcement. Because there are large differences in degree of damage produced by earthquakes with respect to various structure types, test locations, and casting times, it is necessary to develop a non-destructive test method for evaluating the bond condition of reinforcing steel bars.
As the impact-echo method can successfully detect the voids around steel reinforcements [2] , the link between the void response detected by the impact-echo method and the loss of bond strength has to be established for the further assessment of structural safety. For the present study, a monotonic vibration of the shaking table with a frequency consistent with the resonant frequency of the steel bar exposed outside the specimen was used for creating the local bond-loss of the steel bar. All the specimens were vibrated on the shaking table at the early age of concrete. The local bond stress was obtained by the pullout test and the bond-condition was evaluated by the impact-echo method for the specimens after 28 days curing. The simulated transfer functions of the impact-echo responses were used for the quantitative indication of the bond-loss [3] . Hence, the quantitative relationship between the loss of bond stress and impact-echo response can be established.
Background

Bond behavior of steel reinforcement in concrete
The bond stress on steel bars in concrete is composed by three kinds of resistant mechanisms [4] : the chemical adhesion, friction resistance, and the mechanical bearing between the steel rib and the surrounding concrete. When a void is created around the steel bars in a concrete structure at an early age due to an earthquake, the chemical adhesion as well as the friction may be lost. The effect of losing these two components of the total bond strength can be estimated by the studies investigating the bond behavior of epoxy-coated steel bars [5] [6] . According to the studies, the epoxy coating can diminish the adhesion and eliminate most of the friction resistance between the steel bar and the concrete. It was found that the bond loss is about 6 to 15% for pull-out failure [5] and the bond loss is increased to 45% for split failure [6] .
Impact-echo method
The impact-echo method, developed in the 1980's is a broadly applied non-destructive test method for concrete [7] . In the method, transient stress waves are generated by the impact of a spherical steel ball, 3 mm to 20 mm in diameter, on the surface of the test object. Vertical displacements are recorded by a broad-band displacement receiver consisting of a small, conically-shaped, piezoelectric element cemented to a brass cylinder located on the surface near the impact-position. A portable computer-based data-acquisition system is used to capture the output of the transducer, and store the digitized waveforms. The response is analyzed in spectral form. The depth of an interface is determined from the frequency of the dominant response that corresponds to multiple reflections from that interface. For all the experimental results presented in this paper, displacement waveforms contain 1024 points recorded at a sampling interval of 2µs. The distance between the impactor and the receiver is 3 cm. The response is analyzed in the frequency domain as an amplitude spectrum using the Fast Fourier Transformation (FFT). The resulting digital amplitude spectra have a resolution of 0.488 kHz.
After the Chi-Chi earthquake, many impact-echo tests were performed to detect voids around the steel bars in new construction projects. Typical responses are explained as follows:
When the rebar is well bonded to the surrounding concrete, the dominant peaks corresponding to multiple reflections and refractions of stress waves between the Vol. 2, No. 12, 2008 concrete-steel interfaces and top surface can be found in the amplitude spectrum. With the central frequency of the dominant peaks indicated by f b , as shown in Figure 1(a) , an empirical formula as Eq. (1) was developed. In the equation, the steel-frequency can be calculated from the bar diameter-to-depth ratio (D/c) and P-wave (longitudinal wave) speed of concrete (C p ) and ζ is the factor compensating the higher steel frequency for smaller D/c ratio. [2] (1)
When voids exist above the steel bar, the peak corresponding to the steel bar can not be found. Most of the stress waves are reflected by the void, and produce a higher-frequency peak indicated as f v in Figure 1(b) . As the period, which is 1/ f v , is the time for stress waves traveling back and forth once between the void and top surface. The depth of the void (d) can be calculated by Equation (2) . (2) When voids are located beneath the steel bar, as shown in Figure 1 (c), both peaks corresponding to the steel bar as well as to the voids can be found in the spectrum. 
Impact-echo simulated transfer function spectrum
According to the elastic theory, an impact response (u(r, t)) at a point having a distance (r) from the impact point is the result of the unit impulse response (G(r, t)) convoluted with the force-time function of impact (F(t)) as follows:
Performing the Fourier transform, F( ), of the both sides of Equation (3) and rearranging the equation, one can obtain the Fourier transform of the unit impulse response as follows: (4) Equation (4) can be regarded as the normalization of the impact-echo spectra with the impact force. The time history of the impact force is essential to normalize the impact-echo spectrum. In impact-echo tests, a steel sphere is used as impact source and the force-time history during impact is not available. A simulated transfer function was proposed by Cheng et al. [3] to normalize the impact-echo spectrum. The simulated force-time function is derived from the displacement waveform caused by the arrival of Rayleigh wave (R-wave).
The simulated force-time function can be obtained by dividing the displacement waveform of the R-wave by a coefficient of F n [3] . Figure 2 presents the procedure for calculating the simulated transfer function from an impact-echo response. The duration of the R-wave, td, is defined by the time window between points A and C in Figure 2 
The relation between steel-amplitude and D/c for well-bond cases
In order to recognize the poor-bond condition, the responses corresponding to the well-bonded rebar for various arrangements of reinforcement need to be identified. The relation between the average steel-amplitude (A s ) in the simulated transfer function and the steel diameter-to-depth ratio (D/c) can be expressed mathematically as Equation (5) [8] . (5) The steel-amplitude calculated from Equation (5) is about 4 times larger than the one proposed in Ref. [8] . The discrepancy is due to the programming error in deriving the simulated transfer function from test results. The steel-amplitude, which is lower than the one calculated by Equation (5), will be considered as poor-bond.
Experimental Design
Preparation of the specimens
To reduce the effect of side boundary to the impact-echo signal, all the specimens used in this experiment are plate-like with the dimensions 150 mm×450 mm×50 mm. Dimensions of test specimens are shown in Figure 3 . In order to control failure mode, specimens are designing for pull-out failure and split failure modes. For pull-out failure specimens, there are two sets of steel bars embedded in each specimen. Each set contains two aligned steel bars. In the specimen, the bars with 100 mm contacting the surrounding 474 . 1 705 
Vol. 2, No. 12, 2008 concrete, are called the short bar and 250 mm contacting length are called long bar. During pullout tests, the failure will occur at the short bar because of the shorter embedded length. Both end of the short bar were covered by the plastic sheaths to avoid the possible stress concentration of concrete at the bar ends during the pullout test. Stirrups made of No. 3(diameter 10 mm) bars, 150 mm apart, were placed around each of the steel sets to decrease the chances of splitting failure of the specimens. For the split failure specimens, as shown in Figure 3 (b) only one steel bar embedded for each set of the specimen, the bars with 100 mm in embedded length contacting the surrounding concrete. The stirrups were not including in the split failure specimens. The steel bars are fixed in position by passing through the holes drilled on both side of the wooden form. In order to let the short bar move freely during the vibration when the specimen is still in the form, the hole was 1.7 times larger than the diameter of the steel bar. Stationary barriers made of silicon sealed the hole temporarily while casting and were taken out right before the vibration. The design strength of the concrete is 3000 psi (210 kg/cm 2 ).
The mixture proportions of the concrete are listed in Table 1 . Figure 3 Dimensions of test specimens (a) Pull-out failure specimen (b) Split failure specimen
The experimental parameters
The experiment is aimed at studying the damage caused by the resonant vibration of a steel bar with a long protrusion from the concrete. However, to be able to trigger the resonant vibration experienced during the Chi-Chi earthquake which had a primary frequency at about 0.95 Hz, the exposed length of bar needs to be about 3 m. For our present lab environment, a bar with such a long exposed length and only 100 mm embedded length would be too heavy to be fixed in the form and hard to transport. Hence, the exposed length of the bars is chosen to be 1.3 m which results in a calculated fundamental natural frequency of 5.3 Hz.
The size of steel bars for all the specimens is No.8 (diameter 25.4 mm). The concrete cover is 50 mm for pull-out failure specimens and 40mm for splitting failure specimens. The specimens were vibrated at 4 hours or 12 hours after casting. The steel bars with 100 mm embedded length have two total lengths, 1. Table 2 . Figure 4 Single-frequency motion of the shaking table, (a) The time history, and (b) the amplitude spectrum
Experimental procedures
After the forms were assembled, the concrete was cast within 1 hour. The specimen, still in the wooden form, was moved to the shaking table, fixed by T-shaped studs and vibrated at 4 hours or 12 hours after casting. The experimental set-up for vibration test is shown in Figure 5 . After vibration and curing, the specimens were moved to a storage place, covered by wet cloth and plastic sheet and cured for 28 days. The steel-concrete bond was nondestructively evaluated by the impact-echo method first and then destructively investigated by the pullout test.
For the impact-echo test, the test positions which are directly above the steel bar, were marked on specimens. When the impact-echo tests were performed, a 3-mm steel ball was used as the impactor and the receiver aligned with the bar was 30 mm away from the impactor. For each case, six repetitive tests were performed on the marked area which is on the surface above the rebar, and with fixed impactor and receiver distance. All the impact-echo responses were transformed to the simulated transfer function for further analysis.
Figure 5 Appearance of vibration test
Vol. 2, No. 12, 2008 In order to perform the pullout test on each of the embedded steel bars, the specimens were saw-cut into halves after the finish of the impact-echo tests. As shown in Figure 6 , the specimens were clamped at both ends by steel plates, connected by steel rods to prevent transverse cracking during the pullout test. When a test was performed, the specimen was placed on the 50-ton universal test machine with steel bars clamped on the upper and lower jigs, as in the schematic layout shown in Figure 6 , and loaded with a speed of 1.27 mm/min according to ASTM C234-91a. The pull-out failure of the short bar was occurred for all the specimens. The average bond strength of the steel bar was obtained by dividing the maximum load by the embedded area of the short steel bar (100 mm). The embedded areas are 8000 mm 2 for No. 8 (diameter 25.4 mm) bars.
Figure 6 Pullout test setup
Experimental Results
Specimens are designed for pull-out failure and split failure mode. There are two sets of steel bars embedded in each specimen. The specimens were vibrated at 4 hours or 12 hours after casting and the steel bars with an exposed length of 1.3 m or 0.35 m. For the split failure specimens, there are five specimens vibrated at 4 hours after casting and the steel bars with an exposed length of 0.35 m, labeled by S4HS-a to S4HS-j.；Specimens vibrated at 4 hours after casting and the steel bars with an exposed length of 1.3 m, labeled by S4HL-a to S4HL-j.；Specimens vibrated at 12 hours after casting and the steel bars with an exposed length of 1.3 m, labeled by S12HL-a to S12HL-j. For the pull-out failure mode specimens, there are two specimens vibrated at 4 hours after casting and the steel bars with an exposed length of 0.35 m, labeled by P4HS-a to P4HS-d.；Specimens vibrated at 4 hours after casting and the steel bars with an exposed length of 1.3 m, labeled by P4HL-a to P4HL-f. During the vibration tests, there were two sets of steel bars embedded in each specimen. The bar sets at upper level of the specimens were labeled by a, c, e, g, i for the last letter of specimen-code and at lower level were labeled by b, d, f, h, j for the last letter.
Impact-echo test result
After vibration and curing, impact-echo tests were carried out on the specimens and performed 6 times at the test point for each bar case. The representative transfer function derived from the impact-echo response corresponding to the second test on the specimen labeled P4HL-b was shown in Figure 7 (a). The spectrum shows distinct peak at frequency 21 kHz corresponding to wave reflections from the steel bar interfaces. Using Equation (1) with P-wave speed 3662 m/s and the average thickness of steel cover, 50 mm, the calculated steel frequency, 21.8 kHz, is very close to the observed frequency in the spectrum. The steel-amplitude, 4.88, which is larger than theoretical amplitude, 3.86, will be considered as good-bond. The representative transfer functions derived from the impact-echo responses corresponding to the third test on the specimen labeled S12HL-d is shown in Figure 7 (b). The spectrum shows distinct peak at the frequency 24.4 kHz corresponding to wave reflections from the steel bar interfaces. Using Equation (1) with P-wave speed 3617 m/s and the average thickness of steel cover, 4cm, the calculated steel frequency, 25.2 kHz, is very close to the observed frequency in the spectrum. The steel-amplitude, 3.11, which is lower than theoretical amplitude 4.46, will be considered as poor-bond. On the other hand, the spectrum also shows the other peak at 42 kHz with amplitude 3.43 corresponding to reflections from the voids located at the top of the bar, Using Equation (2), the calculated void depth was nearly at 40 mm. Thus, the steel-amplitude decreases due to the voids located around the bar. The steel amplitude averaging from 6 repetitive tests for each specimen is listed in Table 3 to Table 6 . Table 4 The steel amplitude and the bond stress for the specimens Table 6 The steel amplitude and the bond stress for the specimens (a) (b) Figure 7 The representative transfer functions for (a) P4HL-b (b) S12HL-d bars
Pullout test
The pullout tests were performed right after the completion of the impact-echo tests. The ultimate loads and the corresponding bond stresses of each specimen are shown in the fifth and sixth columns of Table 3 to Table 6 , respectively. The predicted mode failure pattern were found for all the specimens after loading test. The relations between the average steel amplitude and the pullout stress for all the specimens are shown in Figure 8 . Comparing the bond stresses for different failure modes, pull-out failure specimens have bond stresses larger than the one for splitting-failure specimens. The stirrups confined the concrete and increased bond stress of the steel bar. Another observation on Table 3 to Table  6 is that the bond stress of the lower bar set is always greater than that of upper one. Figure 8 The relation between the average steel amplitude and the bond stress
The relation between the average steel amplitude and the pullout stress
In Figure 8 , it shows the amplitude corresponding to the wave reflections at the steel bar interface increases with an increase bond stress. The steel amplitude for a well-bonded bar can be predicted by substituting bar diameter and cover thickness into Equation (5) . In present study, the reference amplitude can be calculated as 4.46 and 3.86 for the split failure and pull-out failure specimens, respectively. The rate of amplitude-loss is defined by Equation (6) . (6) The value, 1.0, is the constant amplitude with respect to frequency in the simulated transfer function corresponding to impact on a semi-infinite media. Rate of amplitude loss are shown in the seventh columns of Table 3 to Table 6 . Thus, the relation between the rate of amplitude loss and the pullout stress can be plotted as Figure 9 . The full-bond stress, which is defined as the one corresponding to the rate of amplitude-loss of zero, for each failure type can be found by the linear regression relationships shown in Figure 9 . The negative values of rate of amplitude-loss in Figure 9 implies that for some cases the contact between the steel bar and surrounding concrete are even better after vibration and the corresponding ultimate bond stresses are also higher. For the split failure and pull-out failure specimens, the full-bond stresses are 5.0886 MPa and 9.9755 MPa. the linearly proportional relation between the rate of bond-loss and the rate of amplitude-loss for split failure specimens and pull-out failure specimens. Equation (7) shows the mathematic relation after linear regression with zero intercept for the split failure case and Equation (8) for the pull-out failure case. The zero intercept implies a full-bond can be developed for the steel amplitude equal to the referenced amplitude.
(rate of bond-loss) = 0.872×(rate of amplitude-loss) (R 2 =0.719)
(rate of bond-loss) = 0.259×(rate of amplitude-loss) (R 2 =0.700)
Equation (7) and Equation (8) can be used for estimating the rate of local bond-loss directly under the impact-echo test position in the field studies.
(a) Split failure specimens (b) pull-out failure specimens Figure 9 The relation between the rate of amplitude loss and the bond stress, (a) Split failure specimens, (b) pull-out failure specimens, respectively (a) Split failure specimens (b) pull-out failure specimens Figure 10 The relation between the rate of amplitude loss and the rate of bond loss, (a) Split failure specimens, (b) pull-out failure specimens, respectively
Summary and Conclusions
In this study, the transfer function derived from the vertical displacement of Rayleigh wave was used for quantitatively evaluating the bond condition for rebars with interface severely damaged at early age. The proportional relations between the percentage of loss of local bond stress and loss of steel-amplitude for bonding failed in both split and pull-out modes were established using single rebar pullout tests. According to the equations, for the cases where the steel responses were diminished due to continuous cracks forming around the rebar during early-age vibrations, there are 25.9% and 87.2% loss of steel bond stress for pull-out and split failure modes, respectively. The values are larger than the ones in epoxy-coated beam, which are 15% and 45% for pull-out and split failures mode, respectively. The lower bonding capacity may cause by the easier progression of the pre-generated cracks around the rebar due to the effect of stress concentration near the crack tips during the pullout process. In practical applications, the bond-loss for a steel bar can be estimated by substituting the average steel amplitude corresponding to 6 repetitive impact-echo tests into the empirical equations, Equation (7), or Equation (8), depending on the condition of confinement of the tested steel bar. Future works will focus on applying these equations for evaluating the bearing capacity of the vibrated beam specimens after 
